Abstract Samples of Sm and Mg co-doped ceria electrolyte of Ce 1-x Sm x-y Mg y O 2-d (x = 0.2; y = 0.00, 0.05, 0.1, 0.15, and 0.175) were synthesized by sol-gel process. The prepared samples were sintered at 1100 and 1400°C for 4 h. The bulk densities were measured by Archimedes method. XRD measurements indicate that the synthesized samples were in single-phase cubic fluorite structure (space group Fm3m). The cell parameters decrease with the concentration of Mg, and 2h values slightly shift towards right. The particle sizes obtained were between 7.14 and 17.44 nm. The sintered sample achieved 95% of theoretical density. FTIR spectra of samples sintered at 1400°C indicates weak interactions between 3550-3400 cm -1 and 1600-1300 cm -1 are attributed to O-H stretching modes and strong bonds 850-450 cm -1 are assigned to characteristic Ce-O vibrations. The surface morphology and chemical composition were analyzed by SEM and EDS, SEM micrographs show spherical faceted grains, and the samples were crack free, dense material with some pores on surface which are inconsistent with density results. The average grain size obtained was 0.5 lm. Particle size obtained by TEM was in agreement with that obtained by XRD. The high-density ceria co-doped ceramic can be used as electrolyte in SOFC.
Introduction
With fast depletion of fossil fuels, environmental concerns and growing demand for clean energy generation and storage around the world have led to the development of fuel cells. Solid oxide fuel cells (SOFCs) are the promising devices to produce clean energy being environmental friendly and are fuel flexible in nature. Among the three important parts of SOFCs cathode, anode, and electrolyte, the electrolyte plays an important role and it should be dense, high ionic conductivity and zero electronic conductivity, chemically stable at elevated temperature, gas tight/free of porosity, reduced (low) Ohmic losses, and thermal expansion which should match with electrodes (Minh and Takahashi 1995; Basu 2007) . Nanostructured materials are widely used in many different applications in SOFCs because of their unique physical and chemical properties, different from bulk materials. The nanostructured solid-state ionic electrolyte termed ''nanoionics'' has become interest of research in advanced energy conversion and storage applications (Despotuli et al. 2005; Maier 2005; Despotuli and Andreeva 2010) . The Yttria-stabilized Zirconia (YSZ) was used as electrolyte in solid oxide fuel cell (SOFC), and drawbacks such as high operating temperature in using YSZ as electrolyte can be eliminated by replacing it with cerium materials. Ceria is being used extensively because of its ability to store and release oxygen ion vacancies due to its easily accessible oxidation states from Ce 3þ Ce 4þ and hence has high ionic conductivity due to oxygen vacancies (Zivkovic et al. 2011; Otake et al. 2003 ).
Doped ceria is being preferred even over lanthanum gallate-based electrolyte because of its lower cost and it also lowers the operating temperature from 1000 to 600°C which is also compatible with a wide range of electrodes and interconnects; furthermore, it enhances the life span of the fuel cell (Tarancón 2009; Rushton et al. 2013 ). Rareearth-doped ceria shows elevated ionic conductivity even at low temperatures below 773 K, which turn them into potential electrolytes for intermediate temperature solid oxide fuel cells (IT-SOFC) (Inaba and Tagawa 1996; Yamashita 1995 , etc leads to extra oxygen vacancies which increases ionic conductivity, lowers activation energy and increases stability from room temperature to its melting temperature. (Liu et al. 2008) . The Krogner-Vink relation for oxygen vacancies can be written , and Y 3? have higher solubility in ceria leading to elevated ionic conductivity. Among these rare-earth dopants, samarium is one of the best choice due to its ionic radius and electro negativity which are very close to that of ceria and hence easily soluble in ceria solid solution and can modify the structural and electrical properties (Wang et al. 2013 hydrothermal, co-precipitation, solid-state reaction, solvo thermal, and sol-gel auto combustion methods are being used to synthesize samarium-doped ceria (SDC) with different co-dopants to enhance the oxygen ion conductivity (Le et al. 2013; Wang et al. 2013 Sample code Sample composition Appl Nanosci (2017) 7:243-252 245 homogeneous and transparent solution, which was stirred by a magnetic stirrer at temperature 85°C. The pH value was maintained at 7-8 by adding ammonia solution dropwise. During continuous heating and stirring after 7-8 h, the solution was dried and transformed into a viscous gel, and then, an auto combustion phenomenon occurred at around 350°C. The dried gel was converted into a lemon yellow fluffy powder which could be called precursor powder. The powder was then ground in agate motor and annealed at 500°C for 4 h in furnace and cooled down to room temperature by shutting off the furnace. The powder again was ground and then pressed into disc-shaped pellets by adding PVA (3-5%) as binder and was calcinated at 350°C for 2 h for binder to decompose and evaporate. Ce 0.8 Sm 0.2-y Mg y O 2-d (y = 0.00, 0.05, 0.1, 0.15, and 0.175) were sintered at 1400°C for 4 h in the air and are identified as 20SDC14, 15SMC14, 10SMC14, 5SMC14, and 2.5SMC14, respectively. X-ray diffraction (XRD) of the pellet was performed by Shimadzu XRD 700 X-ray diffractometer using Cu Ka radiation (k = 1.54 Å ). XRD data further used to confirm the phase and structural properties such as theoretical density and dislocation density. The surface morphology was studied using scanning electron microscope (Zeiss Evo series SEM) at operating voltage of 15 kV. Grain sizes were measured by higher magnification SEM micrographs. The elemental analysis was carried out by EDAX to confirm the chemical composition of samples. IR spectra were recorded using Shimadzu FTIR 8400 spectrometer over a wave number range 400-4000 cm -1 to find functional groups present. TEM technique is employed to confirm the particle size as obtained by XRD.
Results and discussions X-ray diffraction analysis
The phase purity of the samples was examined by X-ray diffraction (XRD). (Inaba Hand Tagawa 1996; Bhabu et al. 2015) . Furthermore, XRD pattern indicates that the synthesized powder contains nanosize crystallites. Scherrer's formula is employed to calculate the crystallite size:
where k = 0.91, k is wavelength of X-rays (k = 1.54Å ), b is FWHM in radians, and h is the angle of diffraction. The average crystallite size was found in case of 20SDC14 was 7.14 nm, while that for Mg substituted SDC was in the range 17 nm. The lattice parameter was found using
where d is inter-planar distance of a plane of Miller indices (hkl). Tables 1, 2 show various parameters of the sample sintered at 1100 and 1400°C. It is evident from Fig. 2 that the Mg substitution in SDC led to shift in the peaks to higher angles, indicating that the lattice parameters are decreased. The shift in the peaks is due to difference in ionic radii of dopants leading to strain in the crystal. Since Mg 2? (0.72 Å ) \ Ce 4? (0.97 Å ) \ Sm 3? (1.08 Å ), the peak shifts towards right (Ahmad et al. 2016) . The variation of lattice parameters with Mg concentration for samples sintered at 1100 and 1400°C is shown in Fig. 3 .
The lattice strain produced in the crystal can be found by e ¼ b 4 tan h and the corresponding dislocation density is given by d = 1/D 2 , where D is crystallite size determined by Scherrer's formula and b is FWHM. Williamson-Hall equation
was also employed to find the effective lattice strain (e), effective crystallite size (D), and dislocation density (d) considering lattice strain (Choudhury and Choudhry 2013; Parchur et al. 2014) . Figure 4 depicts Williamson-Hall plots (W-H plots) for samples sintered at 1400°C, and the parameters obtained are tabulated in Table 3 . It is observed that the crystallite size (D) obtained by Scherrer's formula is in good agreement with that obtained by inverse of slope of W-H plots; furthermore, both dislocation density (d) and lattice strain (e) are affected by magnesium concentration in SDC crystal [Yadav et al. 2016] . The substitution of Sm and Mg in ceria creates oxygen vacancies (V o ), and the Kroger-Vink notation can be written as (Bhabu et al. 2015; Parchur et al. 2014 )
o , one oxygen vacancy would be created for each 2 Sm atoms and one Mg atom introduced in ceria. As Mg concentration is increased, more oxygen vacancies (V o ) are produced, and a decrease in the lattice parameter is expected due to difference in their ionic radii which affects the lattice strain and dislocation density (Zheng et al. 2009 ). 
Density
The bulk density (D b ) of the samples was measured by Archimedes' method. The X-ray density (D X ) of the samples is calculated using
where N A is Avogadro's number, 'a' is lattice constant, and M Ce ; M Sm ; M Mg ; and M O are atomic weights of Ce, Sm, Mg, and oxygen, respectively (Ahmad et al. 2017 ). The % D R was calculated by %D R = (D b /D x ) 9 100. Figure 5 shows the relative density of samples sintered at 1100 and 1400°C temperature vs Mg content. The relative density of 20SDC samples increased from 68 to 82% due to an increase in temperature from 1100 to 1400°C. Furthermore, it is observed that substitution of Mg in SDC increases the relative density. The relative density of 5SMC11 is comparable with that of 20SDC14, which shows that the alkali earth metals can be used as sintering aid in ceria ceramics (Zheng et al. 2011) . The cross-sectional micrograph of 20SDC14 pellet in Fig. 6 shows some closed pores indicating not-fully dense microstructure which affects the ionic conductivity of electrolyte. The decrease in X-ray density due to lattice contraction has led to decrease in strain and dislocation density (Najafi and Eshghi 2015) . However, at higher concentration of Mg in SDC, the relative density is almost constant. It could be concluded that a dense ceramic electrolyte optimum level of doping with rare-earth metals and sintering temperature are equally required. The sintering temperature has affected the lattice parameter and relative density and least effect on crystallite size.
SEM and EDAX analysis
The SEM micrographs of synthesized samples of ceria codoped with Sm and Mg sintered at 1400°C with a dwell time of 4 h are shown in Fig. 6 . All the samples show corncomb structure suggesting that they are fully dense with more than 90% of theoretical density D x , with relatively Appl Nanosci (2017) 7:243-252 249 smaller volume of grain boundary [Ramesh et al. 2011] . No significant effect of Mg substitution on the microstructure and no exaggerated grain growth were observed. The grain size was measured using Line-Intercept method using
Length of the test line . The average grain size was found to be 0.5 lm (Donmez et al. 2015) . The spherically shaped smaller particle size sample is very much desired to obtain dense ceramics. The semi-quantitative information about the sample's chemical composition can be obtained by EDAX spectra. The EDAX spectra of the samples are shown in Fig. 7 which confirms the desired stoichiometry of all the constituent elements in the sample. The calculated real-dopant concentration is tabulated in Table 1 . Figure 8 shows TEM micrograph and SAED pattern of synthesized samarium-doped ceria sintered at 1400°C. The particle size measured from TEM is 9 nm which is in agreement with that obtained from XRD (Prado-Gonjal et al. 2012) .
TEM analysis

FT-IR analysis
KBr pellet method has been used to record the IR spectra to get an insight into the reaction of sol-gel formation of solid solution of Ce 0.8 Sm 0.2-y Mg y O 2-d sintered at 1100°C. The FT-IR spectra recorded is shown in Fig. 9 . The weak intensities occurring in the range 3550-3400 and 1600-1300 cm -1 can be assigned to O-H stretching vibrations of hydroxyl group, probably due to moisture content of KBr, as KBr is hydroscopic absorbs more humidity in the atmosphere. The strong bands at around 850-450 cm -1 can be attributed to characteristic Ce-O vibrations (Shehata et al. 2012; Ainirad et al. 2011; Arabaci and Oksuzomer 2012) . The intensities of all other bands at 3550-3400 and 1600-1300 cm -1 have been reduced significantly because of high sintering temperature of 1100°C due to which the adsorbed water has been removed and improving the crystallinity of the samples. The pellets were prepared and sintered at 1100 and 1400°C. XRD pattern confirms the cubic fluorite structure, the substitution of Mg in SDC led to decrease in lattice parameter and crystallite size of all compositions which was confirmed by Williamson-Hall plots, and oxygen vacancies produced affects the dislocation density. SEM micrographs show corncomb structure with an average grain size of 0.5 lm. Optimum level of doping with alkali earth metals and sintering temperature are equally required for dense ceramic electrolyte, and sintering temperature affects the lattice parameter and relative density and shows least effect on crystallite size.
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